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A B S T R A C T
In higher-plant Photosystem I (PSI), the majority of “red” chlorophylls (absorbing at longer wavelengths than the
reaction centre P700) are located in the peripheral antenna, but contradicting reports are given about red forms in
the core complex. Here we attempt to clarify the spectroscopic characteristics and quantify the red forms in the
PSI core complex, which have profound implication on understanding the energy transfer and charge separation
dynamics. To this end we compare the steady-state absorption and fluorescence spectra and picosecond time-
resolved fluorescence kinetics of isolated PSI core complex and PSI–LHCI supercomplex from Pisum sativum
recorded at 77 K. Gaussian decomposition of the absorption spectra revealed a broad band at 705 nm in the core
complex with an oscillator strength of three chlorophylls. Additional absorption at 703 nm and 711 nm in
PSI–LHCI indicated up to five red chlorophylls in the peripheral antenna. Analysis of fluorescence emission
spectra resolved states emitting at 705, 715 and 722 nm in the core and additional states around 705–710 nm
and 733 nm in PSI–LHCI. The red states compete with P700 in trapping excitations in the bulk antenna, which
occurs on a timescale of ~20 ps. The three red forms in the core have distinct decay kinetics, probably in part
determined by the rate of quenching by the oxidized P700. These results affirm that the red chlorophylls in the
core complex must not be neglected when interpreting kinetic experimental results of PSI.
1. Introduction
Photosystem I (PSI) has structure and composition highly conserved
among all oxygen-evolving photosynthetic organisms [1–3]. It harbors
~98 chlorophylls a (Chl a) and ~ 22 carotenoids, coordinated by the
two largest subunits PsaA and PsaB. Together with the cofactors of the
reaction centre (RC), they form a fused core antenna – RC assembly. In
green algae and higher plants, the light-harvesting capacity of PSI is
enhanced by the attachment of several subunits of light-harvesting
complex I (LHCI) to form a PSI–LHCI supercomplex [4,5], a PSI–FCPI
supercomplex exists in diatoms [6]. The LHCI complexes of higher
plants are present in single copies per PSI and organized as two het-
erodimers, Lhca1/4 and Lhca2/3 [7], located on one side of the core
complex in a half-moon shape; taken together, they bind ~60 Chl a + b
and ~ 13 carotenoids [4].
PSI of almost all organisms contains long-wavelength Chl forms,
dubbed “red” Chls, absorbing light at wavelengths longer than the ab-
sorption of the RC Chls P700 [8], broadening the absorption spectral
range. The red forms are characterized by long-wavelength emission,
large Stokes shift, large homogeneous and inhomogeneous broadening
and unusually high electron-phonon coupling – properties attributed to
the mixing of excitonic and charge-transfer states [9–13]. The number
of the red Chl forms is species-dependent and their emission maxima
vary between different organisms in the range of 700 to 760 nm
[14,15]. The majority of the low-energy Chl forms in plants have been
shown to reside on LHCI [16–20]. However, several authors have re-
ported a range of values regarding the number of red Chls, their en-
ergies and distribution in the core complex and LHCI [9,14,17]. Some
have hypothesized that red states at the interface between the core and
LHCI maybe lost during their biochemical separation [5].
Although red Chls account for only a small fraction (3–10%) of the
total absorption cross-section [21], they have sizeable impact on the
dynamics of excitation energy transfer (EET) and trapping, as the ex-
citations must be transferred energetically uphill to the RC [22,23]. The
excitation dynamics of PSI has been investigated by many workers.
Pioneering picosecond fluorescence studies in the 1970s revealed that
PSI fluorescence decays in 80 ps or less at room temperature [24,25]
but the lifetimes are drastically slower at cryogenic temperatures be-
cause of trapping of excitations on long-wavelength Chls [22,26]. De-
spite the abundance of time-resolved spectroscopy data, the EET and
trapping kinetics are still under debate [3,21]. In most organisms,
photochemical trapping of excitations in the bulk antenna occurs on a
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timescale of about 20 ps [14,27–30]. This has been ascribed to reflect
predominantly electron transfer in the RC, i.e. trap-limited kinetics
[28,31,32] or EET to P700, i.e. transfer-to-trap-limited limited
[14,33–37]. Slower components are observed in PSI with higher
abundance of red Chls or more red-shifted forms [14], and in PSI–LHCI
supercomplexes [23,29,30,38–40].
A fast process of energy equilibration, typically on a timescale of
2–4 ps at room temperature [14,34,41–47] and 4–6 ps at cryogenic
temperature [44,48,49], has been assigned to EET from the bulk an-
tenna Chls to the red forms. The spectral changes on this timescale
could also be interpreted as arising from excitation of the RC pigments
followed by charge separation [28,31,32,50]. In recent investigations of
PSI from higher plants, the bleaching of states absorbing around
700 nm observed on a 2–4 ps timescale, was attributed to the RC pig-
ments [30,51]. One of the reasons for such assignment was that the
majority of red Chls in plant PSI are located in the peripheral antenna,
whereas the species in question was observed in the core.
As the red Chls can significantly affect the PSI kinetics, their stoi-
chiometry, energetic properties, and subunit distribution must be taken
into account in any informed model. Therefore, in this work we re-
visited the red Chl content of the PSI core complex and the intact
PSI–LHCI from Pisum sativum by comparing their steady-state absorp-
tion and fluorescence emission spectra recorded at 77 K. We were able
to resolve multiple spectral forms emitting in the far-red region be-
longing to both the core and peripheral antenna. There are very few
low-temperature time-resolved spectroscopy studies on the dynamics of
plant PSI [38,52] and none report the detailed kinetics of the isolated
core. We recorded the picosecond fluorescence decays of PSI–LHCI and
the isolated core complex at 77 K, allowing us to kinetically resolve the
different red Chl forms and propose a model for the kinetics of ex-
citation energy equilibration between them.
2. Materials and methods
2.1. Sample preparation
PSI-enriched stromal membrane vesicles isolated from 14-days-old
greenhouse grown pea (Pisum sativum) according to the protocols of
Peters et al. [53] were used as a starting material for PSI–LHCI super-
complexes. The preparations having Chl a/b ratio of 9–10 were further
purified by solubilization with dodecyl-β-maltoside (β-DDM, Cube
Biotech, Germany) and sucrose density gradient ultracentrifugation as
described in Akhtar et al. [54]. PSI core complexes were obtained by
further treatment with Zwittergent-16 using the previously described
protocol [30]. The Chl content of the preparations was determined from
acetone extracts using the coefficients of Porra [55]. PSI–LHCI pre-
parations had Chl a/b ratio of 12.8 (Supplementary Table S1), which
closely matches the pea crystal structure of Qin et al. [4]. The purity of
the PSI core preparations was evaluated by their Chl b content
(< 0.4%) and Lhca1 content, by immunoblotting (Supplementary Fig.
S1). From the analysis, we estimate a stoichiometry ratio of ≤0.2 LHCI
subunits per PSI core (2% of the total Chl a content).
2.2. Absorption spectroscopy
Absorption spectra at 77 K were recorded between 350 and 750 nm
with a J-815 (Jasco, Japan) spectrometer, with spectral bandwidth of
1 nm. The samples were diluted to absorbance of one at the red Chl
maximum in buffer medium containing 60% (v/v) glycerol, 20 mM
tricine and 0.03% β-DDM. The solutions were placed into a demoun-
table quartz cuvette of 1-mm optical path length and cooled to 77 K in
an optical cryostat (Optistat DN, Oxford Instruments, UK).
2.3. Steady-state fluorescence spectroscopy
Fluorescence emission spectra at 77 K were recorded with a
Fluorolog 3 double-monochromator spectrofluorometer (Horiba Jobin-
Yvon, USA). The sample suspension (40–50 μl) with absorbance of 0.5
per cm was deposited on Whatman glass fiber discs. The filters were
then immersed in liquid nitrogen and transferred to a Dewar vessel
filled with liquid nitrogen that was placed into the measurement
chamber of the spectrofluorometer. Emission spectra from 600 to
800 nm were recorded with excitation wavelengths of 436 nm and
470 nm and excitation/emission bandwidth of 3 nm. The measurements
were performed with 1 nm increment and 1 s integration time.
2.4. Time-resolved fluorescence
Fluorescence decays were recorded by time-correlated single-
photon counting (TCSPC) using an instrument described in Akhtar et al.
[54] at emission wavelengths 670–760 nm with 5-nm step. The samples
were diluted to an absorbance of 0.03 (at room temperature) in the
same buffer as for absorption measurements. The excitation pulses from
a Fianium WhiteLase Micro (NKT Photonics, UK) supercontinuum laser
at 20 MHz repetition rate were centred at 440 nm. The energy per pulse
was approximately 10−13 J, focused on a spot of ~200 μm diameter,
corresponding to 7⋅108 photons/cm2. Assuming a total Chl absorption
cross-section of the PSI core equal to 98⋅5⋅10−16 cm2, this is equivalent
to ~0.7 excitations/ms. The total instrument response (IRF) width was
40 ps, measured using 1% Ludox as scattering solution. Similar results
were obtained using 632 nm excitation pulses.
2.5. Data analysis
All data analysis was performed in MATLAB. The fluorescence de-
cays collected at different wavelengths were subjected to global mul-
tiexponential lifetime analysis routine with IRF reconvolution to obtain
lifetimes and decay-associated emission spectra (DAES).
3. Results
3.1. Steady-state absorption and emission spectra
3.1.1. Spectral decomposition of the absorption spectra
The absorption spectra of isolated PSI core complexes and intact
PSI–LHCI plotted in Fig. 1 show that the supercomplex absorbs more
light at wavelengths above 700 nm than the core complex, in ac-
cordance with all previous reports on plant PSI [9,17]. For a more
quantitative description, we decomposed the spectra in the red wave-
length region into components with a skew-gaussian shape in the fre-
quency domain. The asymmetric lineshapes more closely resemble Chl
absorption bands and resulted in a markedly improved fit [16,56].
Nevertheless, here we do not delve into the physical meaning of all
spectral components but focus on the red Chls only, which we define as
those that absorb at wavelengths longer than 700 nm (i.e. with energies
below the RC). The red-most component of the core complex spectrum
is centred at 705 nm and has width (FWHM) of 23 nm (Supplementary
Table S2). The band's integrated area is 2.4% of the total Q-band ab-
sorption. However, if the two shortest-wavelength bands, at 615 and
634 nm, are not counted, as they likely originate from higher vibronic
and electronic states (Qx), the 705-nm band accounts for 3.3% of the
total absorption. Hence, the band represents red antenna states in the
core complex with an oscillator strength of about three Chls – assuming
98 Chls in total. Note that the next band, at 698 nm, amounting to two
Chls, can be attributed to the RC. We should stress that we refer to three
red Chls in the core, based on the relative oscillator strength, but the
actual number of Chl molecules contributing to the molecular states is
likely larger.
Applying the same analysis to the 77 K absorption spectrum of the
intact PSI–LHCI supercomplex, we obtained six components peaking
above 670 nm, of which the two red-most have maxima at 703 nm and
712 nm. The integrated area of the two far-red bands is 7% of the total
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Qy absorption (minus the vibronic bands). This is equivalent to ~10
Chls, assuming that the complex contains 143 Chl a and 12 Chl b.
Subtracting two RC Chls, which should absorb at ~702 nm [57,58], and
further assuming that the absorption at 705 nm, equivalent to three
Chls, originates from the core complex, we arrive at a number of 5 red
states in LHCI – 3 absorbing at 705–708 nm and 2 at 712 nm. It should
be emphasized that the distribution of “states” between two bands with
a defined position is somewhat arbitrary as the absorption is spread
over a broad range of wavelengths extending beyond 720 nm.
3.1.2. Fluorescence emission spectra
The fluorescence emission spectra of the PSI core and the PSI–LHCI
supercomplex recorded at 77 K and their gaussian decomposition are
plotted in Fig. 2. The emission spectra have pronounced peaks at 720
and 733 nm, for the isolated core and the intact supercomplex, re-
spectively. In both sample types, low-intensity emission bands below
700 nm are visible, representing emission from the bulk antenna Chls.
Following the mirror-image rule, the spectra are decomposed into
asymmetric gaussians skewed toward longer wavelengths. The main
emission band of the PSI core was decomposed into two main compo-
nents at 714 and 721 nm and two low-intensity bands at 705, 733 nm.
The main emission of intact PSI–LHCI was described by bands at 714,
724, 732 and 743 nm and a broad component around 760 nm, probably
of vibronic nature.
3.2. Fluorescence kinetics
3.2.1. Global lifetime analysis
To follow the dynamics of excitation equilibration with the red Chls,
we recorded the fluorescence decay kinetics at temperature of 77 K
using 440-nm excitation pulses. Note that room-temperature fluores-
cence kinetics of the same samples have been previously published
[30]. The kinetics over a 10-ns time period, for both the isolated core
and the intact PSI–LHCI, could be described satisfactorily with six ex-
ponential decay terms obtained by global analysis. The resultant decay-
associated emission spectra (DAES) are shown in Fig. 3 and the con-
tribution of each component (the relative DAES area) are listed in
Supplementary Table S3. The measured fluorescence kinetics and the
DAES data are available online [59].
In the core complex (Fig. 3a), the shortest lifetime of 19 ps dom-
inates the fluorescence decay at 680–690 nm while emission at longer
wavelengths rises with this lifetime, as shown by the negative ampli-
tude of the DAES. The markedly nonconservative shape of the DAES
suggests loss of excitations occurring on this timescale in addition to
transfer to the long-wavelength forms. The fluorescence above 700 nm
decays with three main lifetimes – 79 ps, 340 ps and 1 ns, characterized
by positively-signed, broad DAES with maxima around 705, 715 and
720 nm, respectively. The two longest-lived components (2.6 and
5.8 ns), with ~2% contribution each, are due to minor impurities in the
sample. The 2.6-ns component represents free LHCI as it has a similar
DAES as the 2.8-ns component in PSI–LHCI (Fig. 3b) and amplitude
corresponding to the amount of Lhca contamination in the core sample
(see Section 2.1). The blue-shifted spectrum of the longest component,
peaking at 675 nm, clearly associates it with free Chls.
In the PSI–LHCI supercomplex (Fig. 3b), the fastest fluorescence
decay component (16 ps) is characterized by a DAES with a positive
maximum at 690 nm and a negative one at about 730 nm. A negative
shoulder is also noticeable around 715 nm. Evidently, this component
represents not only trapping and equilibration of excitations in the core
but also equilibration with red Chls in LHCI (at 730 nm). The second
component, with a lifetime of 64 ps, shows decay of states emitting
around 705 nm and corresponding rise of emission at 730–735 nm.
Both the 16 and 64 ps components have larger area above the zero line,
indicating excitation trapping in addition to equilibration. At least three
longer-lived components characterize the fluorescence decay in the far-
red region whose positive-only DAES show maxima at 715, 722 and
Fig. 1. Gaussian decomposition analysis of the Chl Qy
absorption spectra of PSI at 77 K. (a) PSI core com-
plex; (b) PSI–LHCI supercomplex. Gray symbols in-
dicate the measured data points, solid line – fit,
yellow and red lines show the skew-gaussian compo-
nents. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)
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733 nm. The first two are very similar to the 340-ps and 1-ns compo-
nents resolved in the isolated core. Finally, the longest lifetime (5.3 ns)
with a 3% total contribution shows decay of a small population of free
Chls (at 675 nm) as well as red-shifted forms (740 nm).
The drastic slowdown of the fluorescence decay at longer wave-
lengths is well illustrated by the wavelength dependence of the average
lifetime, as a proxy of the exciton trapping time (Fig. 4). Interestingly,
the average lifetime is almost equal at 680–700 nm for both the isolated
core and the intact supercomplex – around 20 ps. The fluorescence
lifetime at 740 nm is about two orders of magnitude slower, showing
that photochemical trapping of excitations on the red Chls is ineffectual
at 77 K in both complexes.
3.2.2. Spectral decomposition of the time-resolved fluorescence
The red spectral forms in the core and the peripheral antenna were
additionally examined by global fitting of asymmetric gaussian bands to
the time-resolved emission spectra (TRES) in a time window from 10 ps
to 2 ns. Fits of the TRES reconstructed from the DAES are shown in
Fig. 5. The TRES show the rapid decay of fluorescence at 680–690 nm
that is followed by a slow decay of the far-red emission accompanied by
gradual red shift as energy is transferred to the red Chls. We point out
that in PSI–LHCI (Fig. 5b), the maximal fluorescence at 735 nm is not
reached until ~100 ps.
Five skew-gaussian bands were necessary to fit the TRES of the
isolated core – with maxima at 674, 688, 705, 715, 722 nm, plus an
additional broad band at 742 nm. It is notable that the peaks coincide
with the maxima of the DAES. This is a strong indication that the
species emitting at 715 and 722 nm decay independently. For
PSI–LHCI, the TRES could be approximated with six components,
whose peak positions, also in this case, closely matched the DAES – 679,
690, 704, 714, 722, 735 nm, and an additional one at 755 nm. The
spectral decomposition of the TRES for several selected times is plotted
in Supplementary Fig. S2. The time-dependent amplitudes of the
spectral components (Supplementary Fig. S3) show that the states
emitting around 705 and 715 nm have substantial population already at
10 ps, indicating that spectral equilibration has occurred on timescale
faster than the experiment time resolution.
3.2.3. Dynamics of spectral evolution
A useful parameter related to the dynamic energy redistribution in
the antenna is the time-dependent first spectral moment of the TRES,
which is a measure of the mean energy of the emitting chromophores
[23,38]:
∫=S t ν F ν t ν( ) ( ; ) d ,1
where ν is frequency (wavenumber) and F(ν; t) is the TRES at time t. We
used the DAES to calculate the spectral moment for the isolated PSI core
and the intact PSI–LHCI supercomplex (Fig. 6) – which allows us to
discard the emission from free Chls. The spectral moment provides no
new information per se, but a simple representation of the spectral
evolution (time-dependent energy shift). The core complex dynamics
can be described with two exponential lifetimes. The fast one, ~30 ps,
is responsible for 85% of the spectral evolution and represents the shift
from bulk Chls to red forms. The slower component, ~400 ps, re-
presents equilibration processes between the red forms, particularly
those emitting near 720 nm. For PSI–LHCI, the spectral moment shows
somewhat slower dynamics, with lifetimes of 17, 72 and 660 ps (Fig. 6),
owing to the slower equilibration with red states in LHCI.
From these data, we can extract the mean characteristic time of
spectral evolution [38]:
∑ ∑=τ a τ a τ¯ /S
i
i i
i
i i
2
1
We obtained timescales of 312 ps and 496 ps for the core and su-
percomplex, respectively. These values are comparable to the reported
spectral evolution timescale of 291 ps for PSI-200 particles at 170 K
[38].
3.2.4. Kinetic modelling
For further insight into the energy equilibration dynamics, aiming
to reveal the pathways of energy equilibration and the corresponding
rates, we performed compartmental kinetic modelling (target analysis)
of the time-resolved fluorescence data. We tested kinetic model
schemes where the number of species was equal to the number of
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lifetime components resolved by global analysis, i.e. four in the PSI core
and five for PSI–LHCI with additional unconnected components, re-
presenting uncoupled LHCI (in the core complex samples) and free
pigments. The simplest kinetic scheme – a sequential unbranched ir-
reversible scheme – does not explain well the core complex kinetics (not
shown) because it results in broad multimodal species-associated
emission spectra (SAES). The spectral decomposition of the TRES in-
dicated that the far-red-emitting components are not connected via
direct EET. This leads to a star-shaped connectivity scheme, with an
initially excited “bulk” pigment pool equilibrating with “red” com-
partments (Fig. 7). The models result in decay lifetimes and DAES
identical to those obtained by global analysis (Fig. 3); while the com-
partments are represented by SAES shown in Fig. 8. The species am-
plitudes and kinetics can be found in Supplementary Table S4 and Fig.
S4, respectively. From the amplitudes and decay lifetimes, the species
contributions to the stationary fluorescence emission spectrum can be
calculated (Fig. 8c, d). The “red” compartments are labeled based on
the approximate position of the fluorescence emission maxima. Further,
it is clear from the DAES and TRES spectral moment analysis (Section
3.2.3) that the components emitting around 705 and 715 nm are par-
tially populated on timescales faster than the experiment resolution.
This is compensated by adding direct excitation (6–9%) to the F705 and
F715 compartments. The rate constants are constrained to satisfy sev-
eral criteria – that the fitted SAES are positive-only, they have only one
well-defined peak and approximately skew-gaussian shape, and their
integrated areas are comparable (though this condition is somewhat
arbitrary). Lastly, the ratio of the forward and backward EET rates is
adjusted to satisfy the detailed balance condition. For this, we calcu-
lated an enthalpy change from the difference between the first spectral
moments of the respective SAES and an entropy change assuming that
the core complex contains a total of 98 pigments, and the red com-
partments are equivalent to 1–2 Chls each.
In the core complex, the 19 ps decay lifetime of the Bulk compart-
ment is determined by both the rate constants of equilibration and
excitation loss (trapping) and population of all red forms on the same
timescale. The 79-ps decay lifetime is primarily determined by trapping
of excitations at F705. The observed 340-ps decay lifetime is due to
both decay and equilibration of F715 and the longest lifetime of 1 ns
represents the decay of the F720 states. The model of the intact
PSI–LHCI, includes one more compartment, F735, which evidently re-
presents red Chls in the peripheral antenna (Fig. 7b). Excluding F735,
the scheme is identical to the core complex model and results in similar
spectra, only they are red-shifted by 1–3 nm, Bulk has a noticeable
shoulder around 715 nm, and F715 has a long-wavelength tail sug-
gesting some mixing with F735. The rates of equilibration and decay
are also comparable to the core complex. The F705 compartment,
however, is connected to F735 with a rate of 7 ns−1. The connection is
demanded by the negative peak of the 64-ps DAES at 735 nm.
We must stress that the kinetic models severely oversimplify the
system, which inherently contains more pigment groups and timescales
of energy and electron transfer than the five decay components that can
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be resolved. Clearly, some of the model compartments represent het-
erogeneous pigment pools, especially the Bulk compartments. We can
safely assume that equilibration between the bulk Chls in the core an-
tenna is much faster than EET to the red Chls; however, the same as-
sumption may not be valid in PSI–LHCI. Therefore, the model rate
constants, especially in PSI–LHCI, should not be taken as microscopic
physical rate constants between physical pigment pools. Furthermore,
the rate of excitation trapping, represented as the decay of the Bulk
compartment, cannot be accurately determined without a priori
knowledge of the exact ratio of the bulk and red Chl emission in-
tensities. Similarly, the branching of EET to the red Chls is fixed by
assuming that the oscillator strength of the respective states is identical,
which may not be accurate. Finally, the actual forward-to-backward
EET ratio to the red-most states can be up to an order of magnitude
larger than calculated, because of the large Stokes shifts, which slightly
affects the decay rate constants from these states. Thus, while the ki-
netic models are useful to illustrate the system topology and assign the
spectral components, quantitative predictions based on the best-fit rate
constants must be made with caution.
In summary, the target analysis suggests that the F715 and F720
compartments represent red Chls in the core antenna, F735 in LHCI,
and F705 is contributed by both the core complex and the peripheral
antenna.
4. Discussion
4.1. Long-wavelength absorbing and emitting states
By comparing the steady-state absorption and fluorescence emission
spectra of the isolated core and the native PSI–LHCI supercomplex, we
can distinguish red Chl forms in the two main structural units of plant
PSI. Taken separately, the results are in good agreement with published
data. Analyzed together, the different spectroscopic signatures obtained
from the same samples and conditions allow us to ascribe the red Chl
content with higher confidence. Spectral decomposition of the PSI core
absorption revealed a broad band centred at 705 nm. This is well in line
with the observed red Chl absorption maxima at 705 to 708 nm in the
PSI core of Arabidopsis or maize [9,14]. The band has an oscillator
strength equivalent to three Chls – the same number was estimated by
Gobets et al. [14] for the PSI core complex from maize. Additional red
absorption bands were found in the PSI–LHCI supercomplex at 703 and
712 nm – consistent with the red spectral forms in isolated native and
recombinant LHCI complexes – at 704–707 and 709–712 nm
[20,60,61]. The red-most band of PSI-200 particles was also found by
site-selective fluorescence to be at 712 nm [9] and at 716 nm [62]. The
contribution of the core complex to the far-red absorption of the intact
PSI–LHCI is ~35% – close to the value of 40%, determined using hole-
burning spectroscopy [9]. For LHCI we estimated a total oscillator
strength of five Chls. The same value was reported for the far-red ab-
sorption of LHCI from maize [14]. Still, we cannot rule out the possi-
bility that some of the additional red absorption in the supercomplex is
by red-shifted states in the core or at the interface between the core and
peripheral antenna complexes, which may be lost in isolation of the
core [5].
The absorption analysis strongly suggests the existence of several
antenna Chls in the plant PSI core complex absorbing at wavelengths
longer than the RC. In light of the now available high-resolution crystal
structures of PSI from plants and the cyanobacteria and their very high
degree of similarity, including the position and orientation of antenna
Chls, this result is not too surprising. We also analyzed the 77-K ab-
sorption spectra of trimeric PSI from the Synechocystis PCC6803 and
obtained an integrated area of the red bands corresponding to 4.5 Chls –
again matching the 4–5 Chls reported by other authors [14,63,64],
further corroborating the validity of our quantification.
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Fig. 8. Species-associated emission spectra resulting from target analysis of the fluorescence kinetics. (a,c) PSI core complex; (b,d) PSI–LHCI supercomplex. In (c) and
(d), the spectra are scaled to show their respective contribution to the stationary fluorescence emission spectrum.
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Although the absorption spectra suggest multiple red states in the
core complex, based on the total oscillator strength, different spectral
forms cannot be distinguished in the broad structureless far-red ab-
sorption band. Contrary to this, three well-separated spectral forms,
with maxima around 705, 715 and 722 nm, were clearly distinguished
in the fluorescence emission spectra. These bands were not only found
by gaussian decomposition of both the steady-state and time-resolved
emission spectra, but also appear as separate DAES and SAES in the
fluorescence kinetics of the PSI core. Because of its short decay lifetime,
the 705-nm component weakly contributes to the steady-state emission
spectrum (Fig. 2), which peaks at 720 nm as shown previously [9,14].
It is well-documented that the red-most emission from plant PSI, at
733–735 nm, is due to red states in the peripheral antenna [52,65],
located in the subunits Lhca3 and Lhca4 [17,60]. Accordingly, an in-
tense band at 733–735 nm was resolved in all emission spectra of the
supercomplex (stationary, TRES, DAES and SAES). It should be men-
tioned that fluorescence components with maxima at 720 and 735 nm
with similar decay lifetimes as reported here (1 and 2.5 ns, respectively)
were resolved in PSI-200 particles at 77 K by Mukerji and Sauer (1988)
and assigned to the core and peripheral antenna, respectively, based on
their excitation-wavelength dependence. Further, a less prominent
band centred at 743 nm was also resolved in the stationary spectra
(Fig. 2b) and in the longest-lived fluorescence decay component
(Fig. 3b). From the DAES amplitude, it can be said that these red-shifted
states are in extremely low abundance, although they have a non-
negligible contribution to the fluorescence intensity (because of a long
decay lifetime). The 732 and 740 nm emission was suggested to origi-
nate from the same set of inhomogeneously broadened spectral bands
[60].
An additional state in LHCI emitting around 705 nm can be inferred
from the fact that 705-nm DAES in PSI–LHCI has a larger amplitude
than the corresponding DAES in the core (Fig. 3). Accordingly, the EET
rate constant from the Bulk compartment to F705 is higher in PSI–LHCI
(Fig. 7b). Gobets and van Grondelle [14] resolved two red pools in the
4 K emission spectra of LHCI – emitting at 702 nm and 733 nm, with
absorption at 692 and 711 nm, respectively. We note that a 692-nm
absorption band is also present in our gaussian decomposition analysis
of PSI–LHCI (Supplementary Table S2).
4.2. Excitation transfer and trapping dynamics
4.2.1. Timescales of spectral equilibration and trapping
Under cryogenic conditions, as the same sample volume is re-
peatedly excited, the RC can become closed (oxidized), especially if the
rate of excitation exceeds the rate of charge recombination. It has been
reported that in about 40% of the RCs electron transfer is limited to
phylloquinone (A1) with the P700+A1− radical pair recombining in
0.5 ms [58,66–68]. This is comparable to the excitation rate in our
experiments (see Section 2.4). The remaining population of PSI RCs
form long-lived charge separated states, where P700 will be permanently
oxidized during the measurement. This apparent heterogeneity, how-
ever, does not radically change the rate of trapping of bulk Chl ex-
citations [69]. The EET dynamics of PSI is also affected at low tem-
peratures [44,48,49,58,70] with the main effect being trapping of
excitations on the red Chls, as the available vibrational energy is in-
sufficient for uphill EET back to the bulk antenna [71]. Croce et al. [38]
analyzed the energy equilibration processes in PSI-200 by calculating
the mean emission frequency from the TRES. They showed that the
average timescale of equilibration slowed down from 86 ps at room
temperature to 291 ps at 170 K – in both cases of similar magnitude as
the timescale of the excitation trapping. Following the same approach,
we estimated an average timescale of about 500 ps at 77 K. The slow
equilibration was accompanied by dramatic slowdown of the fluores-
cence decay in the far-red region – in both the isolated core (~1 ns) and
the intact supercomplex (~2.5 ns). In contrast, faster decay and com-
paratively mild wavelength and temperature dependence of the
fluorescence lifetime is observed in the PSI core from Chlamydomonas,
which does not contain long-wavelength Chls [72]. Thus, red Chls in
the higher-plant PSI core efficiently trap bulk excitations, which is the
reason for the high fluorescence yield in the far-red region. Because
uphill transfer from the red-most states is largely blocked at 77 K, they
decay with nanosecond lifetimes, as isolated antenna complexes [65].
Even at physiological temperatures, uphill transfer from the red states
slows down the effective trapping in PSI–LHCI by a factor equal or
greater than the slowing due to increased antenna size [27,40,73].
4.2.2. Kinetics of the red-emitting states
As discussed in the previous section, the main red-emitting com-
ponents in the core are at wavelengths of 715 and 720 nm, whereas red
states in LHCI emit mostly at 733 nm. In support of this, we find that the
corresponding DAES have comparable shapes and amplitudes in both
the isolated core and PSI–LHCI. It is tempting to assign the state
emitting at 705 nm to the RC pigments – following the gaussian de-
composition of the absorption spectrum. In this case, however, the ef-
fective trapping time would be too long – 80 ps. Low-temperature
studies on PSI from cyanobacteria and green algae have shown that the
photochemical trapping time at cryogenic temperatures is comparable
to room temperature – 15–20 ps [48,49]. It is then reasonable to assign
the 705-nm emission to red-shifted antenna Chls as well. Thus, it would
appear that there are three spectrally and kinetically distinct red forms
in the core complex, F705, F715 and F720, acting as (pseudo)traps for
excitations at 77 K.
The fluorescence kinetics shows that the more red-shifted forms
decay with longer lifetimes. Such relationship suggests dynamic
downhill equilibration among them, which should be reflected by the
DAES having positive and negative peaks – in qualitative disagreement
with the experimental data. Sequential relaxation producing all-posi-
tive DAES is also possible if the donor states have higher emission at the
wavelengths of the acceptor states [38]. However, any tested kinetic
model with sequential EET between the red states resulted in un-
realistically broad and bimodal SAES. Therefore, we conclude that all
red forms in the core decay almost independently at 77 K, some equi-
libration with the bulk antenna notwithstanding. The lack of con-
nectivity between the red states has been discussed in several works
[23,27,38,74] – it has been hypothesized that the different forms reflect
structural heterogeneity of PSI rather than different Chl sites. If the
three species decay mostly independently though, there must be a
reasonable explanation for the short decay lifetimes, particularly of
F705 and F715.
As pointed out already, a fraction of RCs are inevitably in an oxi-
dized state under the conditions for measuring the fluorescence kinetics
at 77 K. The rate constants of decay of the Bulk compartments in the
kinetic models (Fig. 7) therefore represent average time constants of
this heterogeneous trapping. The oxidized RC (P700+) itself is an effi-
cient quencher of Chl singlet excited states [75]. Due to its broad ab-
sorption extending into the far-red region, the cation radical can accept
energy both from the bulk and red-shifted Chls and the excited P700+⁎
rapidly decays via internal conversion [58]. The decay lifetimes of F705
and F715 could then be mainly determined by the rates of Förster en-
ergy transfer to P700+, which in turn depends on the spectral overlap
and the relative distance and orientation of the transition dipoles [76].
Another possible mechanism of quenching is by charge separation, and
subsequent recombination. Giera et al. [77] proposed that the positive
charge on P700+ facilitates fast charge recombination between the RC
Chls A+ and A0−, with an apparent lifetime of 25 ps (in Chlamydo-
monas). Recently, the fluorescence decay kinetics of plant PSI with
preoxidized P700 has been explained by a similar mechanism [69]. At
room temperature, recombination of the alternative radical pair formed
in the closed RCs can repopulate the excited RC and result in emission
from P700⁎; however, at 77 K radiationless recombination to the ground-
state RC may prevail. For either mechanism we have to assume that the
F705, F715 and F720 states have progressively weaker coupling to P700.
P. Akhtar and P.H. Lambrev BBA - Bioenergetics 1861 (2020) 148274
7
Regardless of the mechanism of decay of the red Chls, we can estimate
from the kinetic model of the core complex (Fig. 7) that 42% of the bulk
antenna excitations are trapped in the RC (expressed as the decay of the
Bulk compartment) – about the same number (50%) was reported for
Synechococcus elongatus [71]. The remaining excitations are trapped by
the red Chls. Interestingly, all red forms have comparable contribution
to trapping excitations on bulk antenna Chls at 77 K, as shown by the
rate constants of EET (Fig. 7). However, mainly because of their dif-
ferent decay lifetimes, the red Chls contribute differently to the sta-
tionary fluorescence intensity (Fig. 8c, d).
In contrast to the isolated core, we resolved two rise times of the
red-emitting states in PSI–LHCI (Fig. 3). The faster timescale (16 ps) is
comparable to the main decay lifetime of bulk antenna excitations in
the core, but the DAES shows additional negative amplitude at
730–735 nm. Therefore, bulk–red equilibration also occurs on this
timescale in LHCI – similar equilibration times are observed in isolated
LHCI and PSI–LHCI at room temperature [29]. The second component
(64 ps) clearly shows downhill transfer from F705 to F735. Thus, F705
compartment in PSI–LHCI includes additional red forms in the per-
ipheral antenna, as discussed above.
5. Conclusions
The higher-plant PSI core complex investigated here, similar to PSI
from cyanobacteria, contains multiple long-wavelength Chl forms. We
confirm some earlier estimations that red forms absorbing at wave-
lengths around 705 nm carry a total oscillator strength of at least three
Chls. Three spectrally and kinetically distinct spectral forms emitting at
wavelengths near 705, 715 and 722 nm were resolved. A kinetic model
of the picosecond time-resolved fluorescence at 77 K is in agreement
with a view that the red Chls are dispersed in the core antenna and not
directly coupled to each other via EET. In contrast, Chls emitting
around 705 nm in LHCI transfer to the red-most forms at 735 nm on a
timescale of ~60 ps. According to the model, ~40% of the bulk antenna
excitations in the isolated core are directly trapped by the RC, whereas
the rest decay non-photochemically via the red Chls. From these results
it becomes apparent that the red antenna Chls in the core complex must
not be neglected when interpreting kinetic experimental results. Recent
models of the dynamics of EET and charge separation in plant PSI
[30,51,69] may need to be extended to incorporate this information.
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